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Abstract 
In order to limit climate change and ensure long term energy security, Governments worldwide are implementing 
policies which encourage the deployment of renewable energy technologies. Driven by the European Union’s 20-20-
20 strategy, Governments throughout Europe have implemented policies to support renewable generation and energy 
efficiency. In the UK, a Feed-in Tariff (FiT) scheme was launched in 2010 and has been so successful in creating 
growth in the PV market that tariff digression has had to be accelerated. A loan scheme, the Green Deal, which 
provides up front capital for energy efficiency measures was launched in 2012.  
Despite the success of the FiT scheme, the penetration of PV in London has lagged behind other areas. In this paper 
we examine the reasons for this by taking Berlin and the German policy of Feed-in Tariffs and soft-loans as a 
comparator and modeling the effect of tariff rates and loan availability on uptake in London to understand the impact 
the Green Deal might have on the UK PV market. Further, we address another important consideration for policy, 
namely, shortcomings in the field performance of PV systems through the comparison of theoretical and measured 
performance. It is concluded that soft-loans would have a limited impact on market growth when compared with the 
effect of providing increased FiT rates to social landlords. 
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1. Introduction 
In order to limit climate change and ensure long term energy security, Governments worldwide are 
implementing policies which encourage the deployment of renewable energy technologies and reduce 
energy consumption. The European Union (EU) has agreed an overall target of a 20% reduction in 
greenhouse gas emissions, achieving a 20% share of energy consumption from renewables and a 20% 
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reduction in primary energy use by 2020 [1]. Many member states have implemented policies which aim 
to support markets for renewable energy technologies. Feed in Tariffs (FiTs) and the provision of loans to 
fund capital investments are two common approaches. 
1.1. Consumer Demand & The Supply Chain – Developing Incentives 
The process of designing effective incentives that encourage market growth require an understanding 
of consumer’s willingness to pay (demand) and industry’s ability to support market growth (supply), 
some of the factors that affect the demand and supply curves are highlighted in [2]: affordability, 
environmental, social acceptance, technology changes, roles and strategic behavior of PV producers. 
Government incentive policies seek to influence both aspects of the market by removing or reducing the 
financial barriers to entry for consumers, for example increasing their willingness to pay (WTP) by 
providing a more attractive return on investment (ROI).  
In the case of PV this results in increased installation rate and increased market penetration. This 
growth in the supply chain reduces the levelised cost of energy (LCOE) generated using PV allowing 
incentives to be reduced while levels of ROI and a target installation rate are maintained and so the cycle 
continues until the market becomes self-sustaining [3], [4]. This principle is illustrated in Fig 1 where, on 
the demand side, government support bridges the gap between P1 & P2 increasing the consumers WTP 
and increasing the quantity installed from Q1 to Q2 and, on the supply side, increasing installation rates, 
‘learning by doing’ and increased competition reduces installed costs. 
                     
Fig 1: Effect of Government Incentives on Consumers WTP and the Supply Curve (Source: Lopez-Polo, 2008. Haas, 2002) 
EU member states have developed a variety of policy approaches in order to meet their obligations to 
contribute to the 20-20-20 target in the most cost effective manner. Common strategies are the provision 
of Feed in Tariffs (FiT) for renewable generation and the provision of loans to fund capital investments in 
energy efficiency however a variety of approaches have been utilized.  
Government support has resulted in significant growth in PV generation. Worldwide, PV ranks behind 
wind power and hydroelectricity in terms of installed capacity but is growing rapidly. Within Europe, 
Germany is the dominant market, as illustrated in Fig 2 [6]. One of the important results of this growth is 
that the development of PV technology has been accelerated leading to higher efficiencies at lower costs 
[6]. The costs of installing a PV system can broadly be divided between the module and inverter costs and 
the balance of system costs (BOS), primarily, the cost of installation. Module and inverter costs are driven 
by the global market and therefore local Government policy has limited scope to reduce these however, 
BOS costs can be reduced through ‘learning by doing’ and the development of the supply chain [4]. FiTs 
have been the primary financing mechanism to driving demand in small scale renewable energy 
technology, particularly PV installations throughout the EU. FiTs obligate utility companies to purchase 
electricity from the generator at a guaranteed rate per kWh for a guaranteed period, 20-25 years [7]. 
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1.2. Modelling the Role of Incentivisation Policy 
Modeling exercises which aim to understand the uptake of Solar PV in the context of UK Government 
incentives has been conducted by a range of stakeholders. At the inception of the UK Government’s FiT 
scheme DECC commissioned Element Energy and Poyry [8] to explore the influence of incentives and 
resource potential on growth in renewable energy generation in order to guide the policy development. 
The modeling exercise took account of a range of factors which influence market growth, in particular: 
incentive policy and FiT design; the absolute resource potential (e.g. total available roof top space); the 
effect of changing demand and supply curves; investor behavior as a response to incentivization policy. 
For a particular renewable energy technology, for a given year, the model derives a dynamic supply 
curve which is the UK’s annual uptake potential for a given renewable energy source. The dynamic 
supply curve is a function of the absolute resource potential (e.g. rooftop area) and market and social 
barriers. Market barriers include the maturity of the supply chain, investor awareness and the saturation of 
the absolute resource potential. Their evolution can be understood by considering the classic S-shaped 
diffusion theory of a novel technology [3]. Fig 3 presents a schematic of the model data flow. 
Element Energy & Poyry’s model [8] was employed by Stewart & Slater [9] to order evaluate FiT 
levels proposed by the UK government following an ‘emergency review’ in work commissioned by 
Friends of the Earth. This work concluded that FiT rates for ‘aggregators’, a grouping which includes 
commercial ‘Rent-a-roof’ schemes (who finance the installation of PV systems in multiple homes and 
profit from FiT tariffs collected for these installations) and multiple property owners such as social 
landlords were too low to incentivize investment by social landlords who face higher opportunity costs. 
The ROI calculation employed in developing FiT rate assumes that the investor would benefit from 
electricity bill savings through the use of PV generated electricity. Clearly, this is only the case where the 
investor was the homeowner. A recommendation of this work is that particular investor types, such as 
social landlords, could be targeted as a means of alleviating fuel-poverty among social-tenants 
 
Fig 2: S-shaped diffusion theory for typical RES technology 
(Source: Rogers, 1983 via  Haas, 2002) 
 
Fig 3: Schematic of modelling design used by Element Energy 
& Poyry (2009) 
The GLA also carried out a modelling exercise as part of the development of The London Plan [10]. 
This work estimated the technical potential for PV in London at 9,611MW based on the installation 
potential of London as a function of rooftop area. The methodology is similar to Element Energy and 
Poyry [8] and does not consider the post 2010 low FiT uptake nor does it examine the impact of different 
investor types or the potential impact of the Green Deal. The model assumes that installation rates are 
similar to those experienced in Germany despite the fact that soft-loans are available in Germany but not 
in the UK market and that an urban area like Berlin might be a more appropriate comparator. 
Some common themes emerge in all three of these modelling exercises. The first is the development of 
estimates of the technical or physical potential for renewable energy generation. The second is a 
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representation of the market development, both on the supply and the demand side, and the relationship 
between investor ROI and rates of market growth. The third is the use of international experience (i.e. the 
German experience) to guide the model assumptions. 
1.3. The Case Studies: Germany and the UK 
1.3.1. Germany: Policy and Market Development 
Germany’s target under the Renewable Energy Directive is to provide 18% of energy consumption 
from renewables in 2020 [11]. Germany is widely regarded as having the most developed PV market in 
Europe with an incentive scheme that employs a combination of soft loans and FiTs. In 2011 
approximately 7500 MW of new PV capacity was installed in Germany, 37% of which was <50kW [8]. 
FiTs were implemented under the Erneuerbare-Energien-Gesetz (EEG) policy. FiTs are paid per kWh 
generated with rate digression in response to market growth and reduced system costs while ensuring a 
pre-determined ROI (10%) for investors [12]. The provision of soft loans was first established in 1999 
under the 100,000 Roof Programme prior to the introduction of FiTs. The loan scheme was replaced by 
the Kfw bank funded Solarstromerzeugen, which worked in conjunction with FiTs in 2005. The 
Solarstromerzeugen offered soft loans of up to €50,000 to private investors. Loans were offered at interest 
rates of 3.9 to 4.4% interest with a typical term of 20 years [2]. The provision of these loans has proven 
successful in implementing a step change in the level of PV installation in the domestic market in 
Germany post 2005 and by lowering hurdle rates and reducing risks for small scale investors [4].  
1.3.2. UK: Policy and Market Development 
The UK’s target under the European Renewable Energy Directive is to derive the 15% of its energy 
consumption from renewables by 2020 up from 3% in 2010 [13]. The UK FiT scheme was launched in 
2010 and provides support to a number of renewable energy technologies including Solar PV. According 
to Government statistics [14], 1700 MW of generation capacity had been registered under the scheme by 
December 2012, 90% of this was PV generation. The UK FiTs now incorporate digression, which is 
applied quarterly and aims to guarantee a ROI of around 5% through generation and export tariff 
payments over 20 years. Multi-installation tariffs, which are set at 90% of the standard tariff, apply where 
the receiver of the FiT already receives FiT for 25 or more PV installations to take into account 
economies of scale in the installation process. This applies to Local Authorities (LA) and Housing 
Associations (HA) who aim to install solar PV technology on their housing stock as well as ‘Rent-a-Roof’ 
scheme operators who do not receive the benefit of ‘free’ electricity despite its inclusion in the ROI 
calculation. As part of the wider decarbonisation effort, the Green Deal (GD), a regulatory framework 
which will offer loans to consumers to make energy saving improvements to their property, has been 
introduced to the UK in autumn 2012. Although the UK Government has established a Green Investment 
Bank to provide loans for energy efficiency and renewable generation projects, according to the current 
plans the loans offered will be at market interest rates and are not soft loans which are generally offered at 
below commercial interest rates. In addition to accelerating the uptake of energy efficiency measures, the 
GD has the potential to complement FiTs and uptake of micro-generation technology although the 
conditions of the scheme dictate that a minimum level of energy efficiency must be reached before funds 
can be invested in micro-generation. Up to £10,000 can be borrowed under the GD, with repayments 
made through utility bills. The premise of the framework is in meeting the “Golden Rule” whereby loan 
repayments do not exceed the savings on the utility bills which result from the initial investment [15]. 
1.3.3. Comparing Berlin and London 
In Berlin, 30 MW of PV had been installed by 2010 [16]. Despite strong growth nationally uptake of 
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PV in the domestic sector in London has been slow [17]. The London Plan [18] has set a target of 25% of 
heat and power to be generated from renewable sources by 2025 with a  further target of 5GWh/annum of 
decentralized renewable energy generation by 2026. Analysis by Energy for London [19] has concluded 
that, despite considerable available roof space, a potential cause of the low uptake is the high level of 
private rented and social housing in London. Further analysis by Phillips [20] which utilized GIS 
technology, identified very large potential for the installation of  PV in social housing in a selection of 
North London Boroughs. As FiT subsidies are funded through additional charges on the energy bills of all 
consumers low uptake of micro-generation in social housing has implications for social-inequality. 
1.4. PV Performance 
In addition to promoting growth in the market for renewable energy technologies it is important that 
Government policy addresses performance in the field which is often poor when compared to the 
theoretical maximum. The PV Domestic Field Trial [21] concluded that inverter outages caused by high 
grid voltages and shading problems are responsible for a large proportion of poor performance. System 
location and panel positioning which affect incident solar radiation and operating temperature as well as 
good installation practice are also vital considerations. Data analysis from the domestic field trials 
revealed that 15% losses can occur in the process of converting the electricity generated from DC to AC, 
therefore optimal sizing of the inverter is important [21].  
2. Methodology 
2.1. Modelling PV Output 
A PV module is made up of a number of cells which convert solar irradiation, which consists of 
photons, into electrical power. An important feature of PV cells is that when they are shadowed they have 
similar electrical characteristics to a diode. This characteristic of PV cells provides a mathematical means 
of modeling the PV system as an electrical circuit which produces a certain voltage and current given the 
incident solar radiation [22]. The electrical energy generated by a PV module depends on; the amount of 
solar radiation (direct, diffuse and reflected) incident on the panel; the operating temperature of the PV 
cells; the voltage produced by the PV cells; the resistance in series and in parallel; the construction of the 
PV cell. This model was implemented in Matlab and the outputs were compared to measured field data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4: Schematic diagram of the Simulink PV model operational block 
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2.2. Modelling PV Market Development 
The aim of this modeling exercise was to understand the influence of FiT rates and the availability of 
soft-loans on the uptake of PV taking Inner London as a case study area. Inner London has a population 
of ~3 million people (Berlin has ~3.5 million) and a domestic built area of 4648529 hectares (Berlin has 
2332 hectares) [23], [24]. The model investigates the uptake of domestic scale (<4kW) solar PV systems 
in the social housing and owner-occupied sector to 2020, these sectors represent 33% and 39% of the 
housing stock in Inner London respectively. The private-rented sector is not modeled as it is considered to 
exhibit particular investor behavior.  
The modeling approach was based that of Element Energy and Poyry [8] in which an annual rate of 
uptake is related to the ROI that can be attained by investing in PV. This simple representation of 
economic decision making at the investor level is illustrated in  Fig 6. 
Hurdle rate ranges for the two investor types, social housing owners and private owners, were set 
according to the findings of CEPA and PB [25]. FiTs are digressed annually to maintain the target ROI. 
The model was constructed using Microsoft Excel and Visual Basic for Applications (VBA), the 
model structure is illustrated in Fig 5. The model runs for each year between 2011 and 2020 using 2010 
as a baseline, annual uptake used to update the absolute resource potential at the end of every year.  
2.2.1. Absolute Resource Potential 
The resource potential is the maximum space available for PV to be retro-fitted to the building stock, it 
was calculated using the IEA Methodology [26]. The physical constraints for installation of PV systems 
are available roof space, orientation and exposure to solar radiation, i.e. accounting for shading. In the 
absence of full scale GIS data, a range of utilisation factors were applied to model the roof space available 
in London [27] accounting for spaced used for solar thermal technology. Input data for this calculation 
was derived from the Generalised Land Use Database Statistics for England [23] and Neighbourhood 
Statistics [28]. Data from The English Housing Survey [29] were utilized to estimate the overall floor 
spaces of domestic buildings at the borough level as a function of both tenure and housing type. A ratio 
used by the GLA [10] was then used to estimate available roof space from this data. 
2.2.2. Dynamic Resource Potential: Applying Market Barriers 
Stewart and Slater [9] derived a range of typical Market Barrier functions for various renewable 
energy technologies. Market growth in the UK under the FiT between early 2010 and the end of 2011 
[17] was found to closely resemble the market growth in function bm4, therefore this is the curve used in 
the model (see Fig 10). This curve is used in the model to represent the likely market growth according to 
the typical S-shaped technology deployment by calculating the proportion of the absolute potential which 
may be installed for each year.  
 
 
 
 
 
Fig 5: Schematic Diagram of the Model Fig 6: Relationship between available ROI and annual uptake. 
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(Adapted from: Stewart and Slater, 2009) 
In order to represent supply-side constraint a maximum annual growth rate per annum of 70% is 
applied. This accounts for the ability of the supply chain, based on its current size, to carry out the 
installations. These installations are then distributed between the two investor types according to their 
share in the dwelling stock being modelled. 
 
 
 
 
 
 
 
 
 
Fig 7: Market constraint curves used by Stewart & Slater and bm4, used in this model (Adapted from: Stewart & Slater, 2011) 
2.2.3. Market Uptake: Investor Pricing Mechanisms 
The range of required ROI or hurdle rate (HR) for each investor type is set at the outset. These lie 
between 5-8% for social landlord investors and 5-12% for private investors [25]. These hurdle rates are 
used to estimate the annual market uptake as illustrated in  Fig 6.The two key outputs from the model 
that demonstrate the direct effect of the policy are the annual uptake of PV technology and the LCOE, 
which are used to derive the cumulative installed capacity, the total electricity generating potential 
(MWp) of solar PV in London for any year. 
The model was used to examine a range of scenarios through varying ROI targets and uptake rates 
driven by soft-loan availability. Modeling investor behaviour based on ROI alone ignores the 
complexities of investor decision making including non-financial barriers such as the hassle-factor and 
attitudes to risk. 
3. Results 
3.1. Feed in Tariffs and Soft Loans 
DECC expects that between 7000 and 20000 MW of PV will be installed in the UK by 2020 [13]. If a 
central target of 12000 MW is assumed, achieving this with equal participation throughout the UK would 
require ~700MW to be installed in private and socially rented properties in London. 
Fig 8 shows the modelled installed capacity with Low (5%), Medium (6.5%) and Maximum (8%) ROI 
targets and the FiT rates required to deliver these. 
In order to examine the role of social and private housing in meeting this target two scenarios were 
tested; firstly, for the ‘Social Housing Scenario’ FiTs paid to owner occupiers were held at a level which 
offered a 5% ROI while FiT payments to social landlords were increased until the target was met; 
meanwhile the ‘Private Housing Scenario’ payments to social landlords were held while those paid to 
owner occupiers were increased. The results of these scenarios are presented in  
Fig 9. Delivering the target under the ‘Social Housing Scenario’ requires a target ROI of 7.8% being 
available to social landlords. Offering a 12% ROI to private investors is insufficient to meet the target 
without also increasing the Social Landlord target to 5.5%. 
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The effect of soft loan availability is represented in the model by increasing the installation rate and 
the rate at which installation costs reduce based on the experience in Berlin between 2005 and 2010 [30]. 
These changes were applied to the ‘Social Housing Scenario’ and the results are displayed in  
Fig 10. Delivering soft loans for PV under the Green Deal is found to have a marginal influence on the 
digression of FiT rates. 
 
 
        
 
 
 
Fig 8: Cumulative Capacity with Various ROI Targets & Resultant FiTs 
 
 
 
 
    
Fig 9: FiTs Required to Deliver Target Capacity by Focusing On The Social or Private Sectors 
 
 
 
 
 
Fig 10: Effect of Soft-Loans on FiT Costs            Fig 11: Results with 5% ROI 
4. Discussion 
Our investigation has found a significant potential resource for PV generation in the housing sector in 
London. Despite this potential, deployment in London is low and the results of our model, presented as 
the Low FiT scenario in Fig 8 indicate that this will continue to 2020. Increasing the ROI on offer could 
have a significant impact on PV installation rates but this, of course, must be balanced with the economy-
wide requirement to deliver renewable energy at least cost. 
Unlike the Bundeslander approach utilised in Germany where policies can be altered at a regional level 
UK FiT rates are determined centrally. While there is differentiation between the tariffs paid for new-
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build and retrofit systems and reduced FiTs for entities that receive payments for 25 or more systems the 
policy does not allow incentives to be targeted towards certain sectors and investor types. 
Our analysis has found that targeting the social housing sector with increased FiT rates could unlock a 
significant potential resource for PV installs in London. With the current FiT rate at 18.9p/kWh we 
estimate that the current ROI available to social landlords is in the region of 1-2% when the value of 
generated electricity is excluded from the calculation. Delivering a ROI of 7.8%, as required to reach the 
target installation rate, would equate to a FiT rate to 33.7p/kWh. 
Government research [31] on the deployment of PV since the introduction of the FiT scheme found a 
strong correlation between levels of PV installation and tenure. There is therefore an important social 
equality dimension to the low levels solar PV uptake in social housing which has been witnessed in 
London as funds raised to finance FiTs are paid through levies on the fuel bills of all customers in the 
UK. Where the majority of installations occur in the owner-occupied sector FiTs become regressive in 
terms of wealth distribution and potentially exacerbate fuel poverty [32]. This creates a strong moral 
argument for enhancing support for micro-generation in the social housing sector. In addition to 
alleviating fuel-poverty there are likely to be other non-tangible benefits such as positive effects on 
energy efficient behaviour and raising general awareness of energy issues. 
Our modelling also explored the effect of utilising the Green Deal to provide soft loans. This scenario 
revealed limited benefits to utilising the Green Deal in this manner as the impact of the level of FiT tariffs 
has a far more significant effect on the overall economics, however one could argue that any intervention 
that reduces the costs of the FiT scheme is worth implementing. The strong impact FiT rates has on the 
market has been illustrated by the UK Government’s decision to roll-back tariffs in late 2011 which 
caused a large peak in installations which has been followed by a prolonged market depression. 
Although the UK Government has established a Green Investment Bank it will not make soft loans 
available to consumers as the German Kfw bank does. The Green Deal itself will be delivered at market 
interest rates and loans will be limited to £10,000 in order to protect consumers. Extending this ceiling 
where the loan will be used to generate revenue for the householder, for example where FiT tariffs will be 
guaranteed, would likely be beneficial in reducing the overall costs of delivering the scheme. 
On the household scale, it is clear that individual PV systems are not performing to their theoretical 
maximum. The implication is that, as well as addressing the overall economics of the policy, Government 
needs to work with the supply chain to ensure PV systems are appropriately sited and well installed. 
Issues of grid voltage peaks causing inverter outages also need to be addressed through the utilisation of 
storage in conjunction with PV systems and the introduction of ‘smart’ grid operation. 
5. Conclusion 
This research has examined domestic PV generation in the UK from a high level policy standpoint and 
has also examined issues surrounding the performance of individual PV systems.  
We have taken existing work, which applied German growth rates to the UK, further by comparing the 
growth of PV in Berlin and London in order to explore the effect of utilising the Green Deal to provide 
soft-loans. Our exploration of FiTs has highlighted the potential of the social housing to contribute to the 
UK’s goals for renewable energy, providing appropriate incentives are provided. There are important 
issues which also impact on this argument and it is suggested that a change in policy approach could 
change the FiT from a socially regressive policy to a positive force in society by addressing fuel poverty. 
Further work to understand the non-financial barriers to PV installation for example the value of 
information schemes. Further work is also required to develop a deeper understanding of the effect of 
deployment on reduced installation costs. The effect of Feed in Tariffs on wealth distribution, given its 
social implications, is also an important area for research. 
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